Many plants, including Arabidopsis, increase in freezing tolerance in response to low, nonfreezing temperatures, a phenomenon known as cold acclimation. Previous studies established that cold acclimation involves rapid expression of the CBF transcriptional activators (also known as DREB1 proteins) in response to low temperature followed by induction of the CBF regulon (CBF-targeted genes), which contributes to an increase in freezing tolerance. Here, we present the results of transcriptome-profiling experiments indicating the existence of multiple low-temperature regulatory pathways in addition to the CBF cold response pathway. The transcript levels of ‫ف‬ 8000 genes were determined at multiple times after plants were transferred from warm to cold temperature and in warm-grown plants that constitutively expressed CBF1, CBF2, or CBF3. A total of 306 genes were identified as being cold responsive, with transcripts for 218 genes increasing and those for 88 genes decreasing threefold or more at one or more time points during the 7-day experiment. These results indicate that extensive downregulation of gene expression occurs during cold acclimation. Of the cold-responsive genes, 48 encode known or putative transcription factors. Two of these, RAP2.1 and RAP2.6, were activated by CBF expression and thus presumably control subregulons of the CBF regulon. Transcriptome comparisons indicated that only 12% of the cold-responsive genes are certain members of the CBF regulon. Moreover, at least 28% of the cold-responsive genes were not regulated by the CBF transcription factors, including 15 encoding known or putative transcription factors, indicating that these cold-responsive genes are members of different low-temperature regulons. Significantly, CBF expression at warm temperatures repressed the expression of eight genes that also were downregulated by low temperature, indicating that in addition to gene induction, gene repression is likely to play an integral role in cold acclimation.
INTRODUCTION
Many plants increase in freezing tolerance in response to low, nonfreezing temperatures, a phenomenon known as cold acclimation. Interest in understanding the molecular basis of cold acclimation is driven by both a desire to understand the mechanisms that plants have evolved to tolerate environmental stresses and the prospect that such knowledge might provide new strategies to improve the environmental stress tolerance of agriculturally important plants.
Toward these ends, a number of important insights have been gained.
One is that the membrane systems of the cell are a primary site of freeze-induced injury and that this injury results largely from the severe dehydration associated with freezing (Levitt, 1980; Steponkus, 1984) . Cellular dehydration can directly cause the formation of deleterious nonbilayer membrane structures such as hexagonal II-phase lipids. In addition, it can cause the generation of reactive oxygen species that can damage membranes and other cellular components. Therefore, cold acclimation must include the activation of mechanisms that protect cells against the potentially deleterious consequences of dehydration.
Multiple mechanisms appear to be involved, including changes in lipid composition and the accumulation of compatible solutes with cryoprotective properties, such as Suc and Pro (Thomashow, 1999) . In addition, a number of cold-responsive genes encode hydrophilic LEA or LEA-like polypeptides thought to have roles in dehydration tolerance. Many studies provide support for this notion (Thomashow, 1999) , including results indicating that the Arabidopsis COR (cold-regulated) gene COR15a encodes a novel hydrophilic polypeptide that acts directly as a cryoprotective protein that helps prevent the formation of hexagonal II-phase lipids (Steponkus et al., 1998) .
A recent important insight into the cold acclimation process was the discovery of the Arabidopsis CBF cold response pathway (Shinozaki and Yamaguchi-Shinozaki, 2000; Thomashow, 2001 ). The promoters of many cold-and dehydration-responsive genes in Arabidopsis have been shown to contain a DNA regulatory element, the CRT (C-repeat)/ DRE (dehydration-responsive element) (Baker et al., 1994; Yamaguchi-Shinozaki and Shinozaki, 1994) , which confers both cold-and dehydration-responsive gene expression (Yamaguchi-Shinozaki and Shinozaki, 1994) . A family of AP2-domain transcriptional activators, known as either the CBF (CRT binding factor) (Stockinger et al., 1997; or DREB1 (DRE binding) proteins (Liu et al., 1998; Shinwari et al., 1998) , bind to the CRT/DRE element and activate transcription.
Three members of the CBF/DREB1 family, CBF1, CBF2, and CBF3 (or DREB1b, DREB1c, and DREB1a, respectively), are induced within 15 min of transferring plants to cold temperatures, followed at ‫ف‬ 2 h by expression of the CBF regulon of target genes, which are those genes whose promoters contain the CRT/DRE regulatory element Liu et al., 1998; Shinwari et al., 1998) . The CBF regulon includes genes that act in concert to improve freezing tolerance. Overexpression of the CBF/DREB1 transcription factors in transgenic Arabidopsis plants results in the accumulation of compatible solutes that have cryoprotective activities, including Pro, Suc, and raffinose (Gilmour et al., 2000) . In addition, the CBF regulon includes the COR15a gene and others that encode LEA or LEA-like hydrophilic polypeptides thought to play roles in freezing tolerance.
Overexpression of the CBF/DREB1 proteins in Arabidopsis results in an increase in freezing tolerance at the wholeplant level in both nonacclimated and cold-acclimated plants (Jaglo-Ottosen et al., 1998; Liu et al., 1998; Kasuga et al., 1999; Gilmour et al., 2000) and enhances the tolerance of plants to dehydration caused by either imposed water deficit or exposure to high salinity (Liu et al., 1998; Kasuga et al., 1999) . Recent studies (Jaglo et al., 2001) indicate that the CBF cold-response pathway is conserved in Brassica napus and that components of the pathway are present in wheat and rye, which cold acclimate, as well as in tomato, which does not.
The CBF cold response pathway is one low-temperature gene network that contributes to cold tolerance in Arabidopsis. A fundamental question is whether other low-temperature gene networks contribute significantly to freezing tolerance or other aspects of growth and development at low temperature. To address this issue, we used Affymetrix GeneChip arrays to analyze the Arabidopsis transcriptome at multiple times after transfer of plants from warm to cold temperature and in warm-grown plants that constitutively express CBF1, CBF2, or CBF3.
The results indicate that a dynamic series of changes in the Arabidopsis transcriptome is set in motion upon transfer of plants from warm to cold temperature, including changes in cold-regulatory gene networks in addition to the CBF cold response pathway. The results identify Ͼ 250 newly described cold-responsive genes that offer explanations for certain biochemical changes that occur during cold acclimation, identify candidate polypeptides with roles in cold tolerance, and indicate that gene repression may play an integral role in the cold acclimation response.
RESULTS

Transfer of Arabidopsis to Low Temperature Produces Waves of Changes in the Transcriptome
Affymetrix GeneChip arrays, which contain 8297 DNA oligonucleotide probe sets representing ‫ف‬ 8000 genes per chip, were used to assay changes in the Arabidopsis transcriptome in response to exposure of plants to low temperature. Transcript levels were analyzed in duplicate biological samples harvested just before plants were transferred from 22 to 4 Њ C (warm sample) and then at 0.5, 1, 4, 8, and 24 h and 7 days after transfer. Fold change values were calculated for the duplicate samples harvested at 4 Њ C compared with each of the two warm samples, generating four comparisons for each time point.
A gene was designated as being upregulated at a given time point if the signal intensity was greater than background ("present") for both duplicate cold samples, if there was a difference call of "increase" for all four comparisons, and if the fold increase value was Ն 3 for all four comparisons. Similarly, a gene was designated as being downregulated at a given time point if the transcript levels produced a hybridization intensity greater than background for both duplicate warm samples, if there was a difference call of "decrease" for all four comparisons, and if the fold decrease value was Ն 3 for all four comparisons.
Control experiments indicated that using a cutoff of threefold would effectively exclude the possibility of a gene being inappropriately designated as cold responsive as a result of a technical error. When a single RNA sample from warmgrown plants was used to prepare two probes that were hybridized to two different GeneChips, only 3 of the 8297 total probe sets were found to have a difference call of increase or decrease and a fold change value of Ն 3, corresponding to a false-positive rate of 0.04%. Thus, using four comparisons to select cold-responsive genes, the false-positive rate would be predicted to be Ͻ 2 per 10 14 genes.
Using these criteria, 330 probe sets were found to repre-sent cold-responsive genes, corresponding to 4% of the total probe sets. The number of cold-responsive probe sets increased to a maximum of 182 at 24 h and then decreased to 97 at 7 days ( Figure 1 ). Analysis of these data indicated that 306 genes (some genes are represented by more than one probe set) were cold responsive at a minimum of one time point during the course of the experiment (Figure 2 and supplemental data online). Of these, 218 genes were scored as being upregulated in response to low temperature, and another 88 were scored as being downregulated ( Figure 2 ). As expected, among the cold-regulated genes were members of the CBF cold response pathway. In particular, the transcript levels for CBF1 , CBF2 , and CBF3 increased within the first hour of plants being exposed to low temperature, followed closely (within 4 h) by expression of known CBF target genes, including COR6.6 , ERD10 , COR47 , and COR78 (Figure 3 ). These results indicated that the tissue samples used in this experiment underwent a typical cold acclimation response and that the GeneChips replicated results obtained previously by RNA gel blot analysis Liu et al., 1998; Shinwari et al., 1998) .
Hierarchical clustering of the entire set of 218 upregulated genes revealed that blocks of genes were induced in multiple waves after transfer of plants to low temperature ( Figure  4A ). In addition, it was evident that some genes were expressed transiently, whereas others were induced and remained activated for the entire 7-day experiment. Overall, the kinetic pattern observed did not fit a simple two-step cascade profile of the CBF cold response pathway-rapid cold induction of the CBF transcriptional activators (during the first hour) followed by expression of the CBF regulon (by 4 h)-suggesting that multiple regulatory pathways were activated in response to the temperature decrease. A similar picture emerged with the set of 88 downregulated genes ( Figure 4B ).
Long-Term Upregulated Genes Encode Multiple Transcription Factors and Proteins with Potential Roles in Freezing Tolerance
Transfer of plants from warm to cold temperature triggers the cold acclimation response, which includes expression of COR and other genes that remain upregulated for extended periods at low temperature. Of the 218 genes that were determined to be upregulated in response to cold (i.e., that were upregulated at least 3-fold at one or more time points during the course of the experiment), 64 genes remained upregulated at least 2.5-fold at 7 days. These were considered long-term upregulated genes ( Figures 5A and 6 and supplemental data online). The lower threshold of 2.5-fold was used for this specific designation because we considered it inappropriate to assert that an upregulated gene showing expression at this level at 7 days had returned to a prestress level of expression. A search of the literature revealed that 50 of these long-term upregulated genes had not been reported previously to be cold regulated in Arabidopsis (supplemental data online).
Hierarchical clustering indicated that the 64 long-term upregulated genes were induced at different times after transfer of plants to low temperature ( Figures 5A and 6 ). This was visualized most easily using a "binary" hierarchical clustering format ( Figure 6 ). In this case, genes that were upregulated 2.5-fold or more were considered to be induced, and time points at which this occurred were colored red, whereas those that were not changed by 2.5-fold were considered unchanged, and these time points were colored black (thus, all time 0 values were black). The presentation reveals that blocks of genes were induced at each time point after transfer of plants to low temperature, suggesting that multiple regulatory pathways likely were involved in their induction. Details of selection criteria are described in the text. The total number of upregulated genes listed (218) is less than 156 (transient) ϩ 64 (long-term) because probe sets representing two genes were present in both the transient and long term lists. Consistent with this notion was the finding that in addition to CBF2 , eight other long-term cold-responsive genes that encoded either known or putative transcription factors were induced at various times during the course of the experiment ( Figure 6 and supplemental data online). Two of these genes were induced rapidly in response to low temperature in parallel with CBF2 , RAV1 (Kagaya et al., 1999) and ZAT12 (Meissner and Michael, 1997) , which encode, respectively, an AP2 DNA binding factor and a zinc finger protein, the functions of which are not known. RNA gel blot analysis confirmed that transcripts for RAV1 and ZAT12 accumulated within 1 h of the transfer of plants to low temperature ( Figure 7A ).
Six additional long-term upregulated genes were found to encode known or putative transcription factors: a second putative zinc finger protein (At4g38960; Mayer et al., 1999) , the R2R3-Myb transcription factor AtMYB73 (Kranz et al., 1998) , H-protein promoter binding factor 2a (H.K.R. Abbaraju and D.J. Oliver, direct submission, AF079503), the HD-Zip protein AthB-12 (Lee and Chun, 1998) , and two AP2 domain proteins, RAP2.7 and RAP2.1 (Okamuro et al., 1997) ( Figure  6 and supplemental data online). Hierarchical clustering indicated that the expression patterns of these genes fell into four different groups (Figure 6 ), suggesting that they were regulated by multiple pathways.
The fact that these six genes were induced after the initial wave of CBF2 , RAV1 , and ZAT12 induction raised the possibility that one or more of them might be induced by one of these transcription factors. Inspection of the promoter region of RAP2.1 indicated that it contained two copies of the CCGAC core sequence of the CRT/DRE elements, suggesting that it might be a target of the CBF activators. Indeed, RNA gel blot analysis indicated that the transcript levels of RAP2.1 did not increase until 4 to 8 h after transfer of plants to low temperature ( Figure 7A ) and that they were increased in transgenic Arabidopsis plants that constitutively overexpressed CBF1, CBF2, or CBF3 ( Figure 7B ). Thus, the CBF regulon presumably includes a "subregulon" controlled by RAP2.1.
In addition to long-term upregulated genes encoding transcription factors, 55 genes encoded proteins with diverse known or proposed functions ( Figure 6 and supplemental data online). The largest group encoded COR/LEA proteins, polypeptides thought to play roles in cryoprotection (Thomashow, 1999) . In addition to the previously described COR6.6, COR15b, COR47, COR78, and ERD10 polypeptides was the dehydrin Xero2, a LEA3-type protein designated Di21, and a polypeptide (At1g01470) with a high degree of sequence similarity to group 4 LEA proteins (Terryn et al., 1998) .
All of these COR/LEA proteins have different sequences, but they have in common the biochemical property of being highly hydrophilic. Interestingly, 5 of the 11 long-term upregulated unknown proteins also encoded polypeptides that were highly hydrophilic ( Figure 8 ). We designated these COR/LEA-like polypeptides COR8.5 (At2g23120), COR8.6 (At2g05380), COR12 (At4g33550), COR18 (At2g43060), and COR28 (At4g33980), which encode polypeptides of 8. 5, 8.6, 12.3, 17.8, and 28 .1 kD, respectively. The N-terminal end of COR12 is predicted to encode a signal sequence that would result in the secretion of a mature hydrophilic polypeptide of 10.1 kD.
Sugars, including Suc and raffinose, accumulate during cold acclimation in Arabidopsis (Wanner and Junttila, 1999; Gilmour et al., 2000) . Thus, genes that encode proteins with roles in sugar metabolism might be expected to be cold responsive. We found previously that transcripts encoding Suc synthase accumulated in response to low temperature (Gilmour et al., 2000) , a finding that is confirmed here ( Figure  6 and supplemental data online). Additionally, transcripts for three different genes encoding putative galactinol synthases (At1g09350, At2g47180, and At1g60470), the enzyme that catalyzes the first committed step in the synthesis of raffinose, were found to accumulate in response to low temperature. In one case, induction was Ͼ 160-fold at 24 h ( Figure  6 and supplemental data online). Transcripts encoding a putative sugar transporter also accumulated in response to low temperature.
Among the most rapid and highly induced genes was that encoding ELIP1 (Early Light-Induced Protein 1) ( Figure 6 and supplemental data online). ELIP1, as well as ELIP2, are nuclear-encoded thylakoid membrane proteins that are ex- Probe sets used to calculate mean average difference values were as follows: COR47, probe sets 13225_s_at and 15997_s_at; ERD10, probe set 15103_s_at; COR78, probe set 15611_s_at; and COR6.6, probe sets 18699_i_at, 18700_r_at, and 18701_s_at. Where multiple probe sets were present that corresponded to a single gene, the mean average difference obtained for all corresponding probe sets was plotted.
pressed in response to light stress (Moscovici-Kadouri and Chamovitz, 1997; Heddad and Adamska, 2000) . They are thought to be photoprotective pigment carriers or chlorophyll exchange proteins (Adamska, 1997) . Expression of this gene indicates that the plants potentially experienced light stress.
Finally, an intriguing finding was that transcripts for GIGANTEA ( GI ) were found to increase 5-to 10-fold in response to low temperature ( Figure 6 and supplemental data online). The GI gene encodes a protein that has no homology with any proteins of known function in the databases (Fowler et al., 1999; Park et al., 1999) . Although the function of the GI protein is unknown, mutations in the GI gene cause a pleiotropic phenotype with effects on flowering in response to photoperiod, phytochrome B signaling, the circadian clock, and carbohydrate metabolism (Koornneef et al., 1991; Eimert et al., 1995; Fowler et al., 1999; Park et al., 1999; Huq et al., 2000) , but no association with cold acclimation has been reported.
Transient Upregulated Genes Encode Proteins with a Wide Range of Functions and Suggest a Period of Oxidative Stress after Transfer of Plants to Low Temperature
Of the 306 genes designated cold responsive, 156 (51%) were upregulated transiently in response to low temperature (Figures 5B and 9 and supplemental data online). Hierarchical clustering of these genes revealed that transfer of plants from warm to cold temperature set off a series of transient waves of changes in the transcriptome ( Figures 5B and 9 ). At each time point, new genes were upregulated, and in most cases, they remained induced for only one or two of the time points. As with the long-term cold-responsive genes, this pattern was more complex than the two-step CBF cold response pathway, suggesting that multiple regulatory systems were involved in the response to temperature decrease.
Indeed, of the 156 transiently cold-induced genes, 34 The fold change values for genes that were upregulated (A) (n ϭ 241 probe sets representing 218 genes) or downregulated (B) (n ϭ 89 probe sets representing 88 genes) during cold acclimation (see Methods) were preprocessed so that fold change values that were associated with a difference call of no change were converted to 1. The mean of the four fold change values for each time point then was calculated, and the data were clustered using a Pearson correlation. Scales indicating the color assigned to each fold change are shown to the right of each cluster.
(22%) corresponded to known or putative transcription factors ( Figure 9 and supplemental data online). In addition, 16 genes (10%) encoded known or putative proteins involved in signal transduction or cellular communication, including response regulators, protein kinases, and phosphatases. In total, ‫ف‬ 33% of the transiently expressed genes potentially had roles in gene regulation. The transient nature of the changes in transcript levels suggested that the abrupt temperature decrease might have resulted in a short-lived "shock" response followed by an adjustment to the new environmental conditions. Indeed, low temperature can cause a decrease in the turnover rate of photosystem II components, causing an increase in photosystem II excitation pressure, or "excess excitation energy," and the generation of damaging reactive oxygen species, including hydrogen peroxide (Huner et al., 1998 ).
An indication that such a response occurred in our experiments was the fact that among the transiently expressed genes were three known or putative glutathione S -transferases, which are known to be involved in the detoxification of toxic metabolites arising from oxidative damage caused by excess excitation energy (Marrs, 1996) , and nine known or putative peroxidases that potentially also contribute to the detoxification of hydrogen peroxide (Østergaard et al., 1998) . Moreover, seven genes that have been shown to be induced by hydrogen peroxide in Arabidopsis (Desikan et al., 2001) were among the genes we found to be induced transiently by cold. These genes encoded a blue copper binding protein, adenosine-5-phosphosulfate reductase, a putative zinc finger transcription factor (At5g04340), AtERF-4, CCA1, a putative nematode resistance protein, and a protein of unknown function (At2g36220).
The production of ethylene also has been associated with cold stress (Ciardi et al., 1997; Morgan and Drew, 1997; Yu et al., 2001) . In this regard, it was notable that genes involved in ethylene signaling were among those that were induced rap- Fold change values that were associated with a difference call of no change were converted to 1. The mean fold change values for each time point then were calculated, and the data were clustered. A scale indicating the color assigned to each fold change is shown to the right of the cluster. (A) Clustering of the 64 genes (represented by 72 probe sets) that were upregulated by at least 2.5-fold after 7 days of cold treatment. (B) Clustering of the 156 genes (represented by 169 probe sets) that were upregulated 3-fold at any time between 30 min and 24 h but were upregulated by less than 2.5-fold after 7 days of cold treatment.
idly with low temperature (Figure 9 and supplemental data online). Within the first hour of transfer, transcripts accumulated for 1-aminocyclopropane-1-carboxylic acid synthase ( AtACS-6 ), which catalyzes a limiting step in ethylene synthesis, and two ethylene-responsive transcription factors, AtERF-4 and AtERF-5 (Fujimoto et al., 2000) .
However, two other known ethylene-inducible genes, AtERF-1 and basic chitinase, were not induced (these genes are represented by probe sets on the GeneChip). This and the fact that cold induction of AtERF-4 and AtERF-5 can occur independent of ethylene (Fujimoto et al., 2000) led us to conclude that although rapid transfer of plants to low temperature resulted in a burst of transcript accumulation for 1-aminocyclopropane-1-carboxylic acid synthase, little if any ethylene actually was produced.
Of the total transiently expressed genes, 24% encoded unknown proteins (Figure 9 and supplemental data online). Of these, 11 were novel polypeptides that, like LEA/COR proteins, were unusually hydrophilic. The probe sets corresponding to these genes were At2g41010, At1g23710, At2g28400, At4g35320, At2g22860, At4g04330, At1g10410, At2g46970, At2g32210, At2g36220, and At1g11960 (supplemental data online). In addition, transcript levels for genes encoding three previously described LEA/COR proteins (LEA M17, LEA D113, and RD29B) were found to be expressed transiently (Figure 9 and supplemental data online). These results indicate that low temperature generated a short-lived signal that induces the expression of LEA/COR and LEA/COR-like genes through a pathway that is independent of the CBF cold response pathway.
Genes Encoding Proteins with Diverse Functions Are Downregulated during Cold Acclimation
Of the 306 genes that were scored as being cold responsive, 88 (27%) corresponded to genes that were downregulated, 46 of which were affected transiently and 42 of which were affected long term (i.e., they were downregulated 2.5-fold or more at 7 days) (Figure 2 and supplemental data online). This is a clear indication that extensive downregulation of gene expression occurs in response to low temperature.
Like the genes that were upregulated in response to low temperature, the downregulated genes encoded proteins with a wide range of functions, including transcription, signaling, cell wall biogenesis, and defense. Four of the longterm downregulated transcripts encoded proteins with known or predicted roles in energy production: two lightharvesting proteins, Lhca2*1 and Lhcb4*3; a putative 5-kD photosystem II protein; and a ferredoxin precursor. The downregulation of these genes may have resulted from the decreased light levels that the plants were exposed to during the cold treatment. However, it has been reported that the transfer of warm-grown plants to chilling temperature (4 Њ C) leads to a rapid inhibition of photosynthesis followed by a reduction in transcript levels for genes encoding photosynthetic proteins (Krapp and Stitt, 1995; Strand et al., 1997) . This effect of low temperature may have caused the decrease in transcript levels of photosynthesis-related proteins observed here.
A striking difference between the downregulated and upregulated genes was that few genes were downregulated during the first 4 h of plant exposure to cold temperature. The full significance of this apparent delay is uncertain, because any decrease in transcript levels must take into account the turnover rate of the transcript. Given that the halflife of the average plant transcript is on the order of several hours (Abler and Green, 1996) , one would not expect many changes until after 4 h. However, most (68%) of the changes did not occur until the 24-h time point or after, indicating that even when the turnover rate of transcripts is taken into account, the mechanisms that lead to the downregulation of transcript levels in response to cold treatment are delayed compared with those that lead to upregulation.
Genes Regulated by the CBF Cold Response Pathway Are a Subset of Total Cold-Responsive Genes
Many of the findings described above indicate that regulatory pathways in addition to the CBF cold response pathway are activated in response to low temperature. To explore this issue further, we profiled the transcriptomes of warm-grown transgenic Arabidopsis plants that constitutively expressed CBF1, CBF2, or CBF3 and compared them with the profiles of control plants. Fold change values were calculated by comparing the data for each transgenic line against those for two control samples, generating six comparisons.
A gene was designated as being a member of the CBF regulon if the signal intensity was greater than background (present) for all three transgenic lines, if there was a difference call of increase for all six comparisons, and if the fold increase value was Ն 3 for all six comparisons. For a gene to be designated as cold responsive but independent of the CBF cold response pathway, it had to be upregulated by cold treatment but could not be upregulated in any of the CBF-overexpressing plants; that is, the probe sets had to be assigned a difference call of "no change" in each of the six comparisons between the three CBF transgenic lines and two individual wild-type samples. These criteria were stringent; consequently, 128 (59%) of the genes upregulated by cold could not be assigned to either of the categories. However, for 90 genes, an assignment was made.
Of the cold-induced genes, 60 were not upregulated in any of the CBF-expressing plants; thus, they were designated as being independent of the CBF cold response pathway ( Figure 10A ). Of these, the large majority, 50 genes (or 83%), were upregulated transiently upon exposure to low temperature; the remaining 10 (17%) were long-term upregulated ( Figure 10B) .
Analysis of the CBF-expressing plants indicated that 41 genes were upregulated in all three transgenic lines ( Figure  10A and supplemental data online). Included in this group were genes reported previously as being CBF targets, such as COR6.6 , COR78 , COR47 , P5CSb , and ERD10 (JagloOttosen et al., 1998; Gilmour et al., 2000; Seki et al., 2001) . Of the 41 CBF-regulated genes, 30 were found to be upregulated in response to low temperature in the experiments described above ( Figure 10A and supplemental data online). Thus, these 30 genes were considered genuine members of the CBF regulon. The 11 CBF-responsive genes that were not cold induced presumably were downstream consequences of CBF expression related to the altered growth phenotypes displayed by plants that overexpressed CBF (Liu et al., 1998; Kasuga et al., 1999; Gilmour et al., 2000) . Of the 30 genes that were members of the CBF regulon, 19 were in the long-term cold-responsive group and the remaining 11 were induced transiently ( Figure 10B ). Among these genes was RAP2.6 , which encodes an AP2 protein and thus is another likely transcription factor that controls the expression of a subregulon of the CBF regulon. Finally, of the 88 genes found to be downregulated during cold acclimation, 8 also were downregulated by CBF overexpression: At4g22690, At3g57260, At1g75040, At2g14560, At1g21270, At2g43570, At1g69490, and At4g14400 (Figures 10C and supplemental data online). These results indicate that the CBF cold-response pathway not only acts to activate gene expression but also is involved in repressing the expression of certain genes.
DISCUSSION
Central goals in cold acclimation research include identifying cold-responsive genes, determining how they are regulated, and understanding their roles in plant life at low temperature. Most of the studies to date have been with individual or small numbers of genes. However, with the development of genomic technologies, including methods for gene expression profiling, these issues can be addressed on a more global scale. Seki et al. (2001) recently used such methods to analyze the expression of 1300 Arabidopsis genes using a cDNA microarray. Their experiments resulted in the identification of 19 cold-inducible genes, 10 of which were newly described. Nine of the 19 cold-induced genes were shown to be part of the CBF regulon (i.e., they were induced in response to DREB1a expression). Moreover, 15 of the cold-inducible genes also were induced in response to drought. Data points at which the signal intensity indicated that the gene was present for both duplicate cold samples, that there was a difference call of increase for all four comparisons, and that the fold increase value was Ն 2.5 for all four comparisons were assigned a value of 2 (red), whereas all other data points were assigned a value of 1 (black). The resulting data then were clustered. The probe set number and the description of the genes that fall into each cluster are indicated at right. The text color indicates the known or predicted role of each gene: metabolism, purple; cell growth, cell division, and DNA synthesis, light green; transcription, red; protein fate, gray; transport facilitation, light blue; intracellular transport, orange; cellular biogenesis, dark green; cellular communication and signal transduction, pink; cell rescue, defense, cell death, and aging, dark blue; unclassified proteins, black. This report expands on the findings of Seki et al. (2001) by describing the expression of ‫ف‬ 8000 genes at multiple times after transfer of plants from warm to low temperature. The results provide an unprecedented view of the flux that occurs in the Arabidopsis transcriptome upon the shifting of plants from warm to cold temperature. Within 30 min of the transfer of plants to low temperature, waves of changes in the composition of the transcriptome are initiated, and these continue to develop beyond 24 h. A total of 306 genes were found to be affected, the large majority of which (to the best of our knowledge) have not been described previously as being cold responsive in Arabidopsis (Figures 2, 6 , and 9 and supplemental data online).
Both increases and decreases in transcript levels occurred, some of which were transient and others of which were long lived, being sustained for up to 7 days of cold treatment. The affected genes encompassed a wide range of functions, including transcription, signaling, metabolism, cellular biogenesis, and cell rescue and defense. The results indicate that the expression of as much as 4% of the genome may be affected by exposing plants to low temperature. Thus, if the probe sets used in our experiments generally are representative of the entire genome, then ‫ف‬ 1000 genes would be predicted to be cold responsive. This probably is a low estimate, however, because we used stringent criteria to designate a gene as being cold responsive. We considered only those transcript levels that had increased or decreased at least threefold in each of the four comparisons of the duplicate samples. In addition, genes that are expressed at low levels may have been excluded. Indeed, ‫ف‬ 20% of the probe sets gave no signal at any time during the experiment.
Fifteen of the 19 genes that Seki et al. (2001) identified as being cold inducible were represented by probe sets on the Affymetrix GeneChips used in our experiments. Six of these genes ( COR47 , COR78 , COR6.6 , ERD10 , SEN12/ERD7 , and CBF3/DREB1a ) had been reported previously to be cold inducible and were identified as cold regulated in our experiments. One of the nine novel cold-regulated genes identified by Seki et al. (2001) , which encodes a ␤ -amylase (FL5-90/ At4g17090), also was found by us to be cold regulated.
Four additional novel cold-regulated genes identified by Seki et al. (2001) were upregulated by cold in our experiments (were given a difference call of increase) but were not above our threefold cutoff and thus were not designated as being cold-inducible. These genes, which were upregulated between twofold and threefold in the experiments reported by Seki et al. (2001) , encoded a putative cold acclimation protein (FL3-5A3/At2g15970), a nodulin-like protein (FL5-1A9/At4g27520), ferritin (FL5-3A15/At5g01600), and a homolog of DC1.2 (FL5-2I22/At5g62350).
Finally, four of the genes designated as being cold regulated by Seki et al. (2001) were not cold regulated in our experiments. These genes, which were induced between twofold and threefold, encoded a homolog of the LEA protein SAG21 (FL5-3M24/At4g02380), a rice glyoxalase homolog (FL5-95/At1g11840), a DEAD box ATPase/RNA helicase (FL2-5A4/At3g01540), and EXGT-A2 (FL5-3P12/At1g14720). The reason for this difference is not known but could reflect differences in plant culture conditions, environmental treatments, or the expression-profiling methods used.
Previous studies have established that the CBF cold response pathway is an integral component of the cold acclimation response (Shinozaki and Yamaguchi-Shinozaki, 2000; Thomashow, 2001) . Additional cold-regulatory pathways also might have important roles in cold tolerance, contributing to increased freezing tolerance and mediating the physiological, biochemical, and structural changes required for growth and development at low temperature. Indeed, Xin and Browse (1998) described a mutant of Arabidopsis, designated eskimo1 , which is constitutively freezing tolerant but does not express known members of the CBF regulon.
Our results provide direct evidence for cold-regulatory pathways in addition to the CBF cold response pathway. Of the 306 cold-responsive genes, 106 were affected over the long term (i.e., transcript levels were upregulated or downregulated at least 2.5-fold at 7 days). Among these genes (A) Two-week-old wild-type (Wassilewskija-2) plants grown at 22ЊC were cold treated at 4ЊC, and tissue was harvested at the times indicated. Total RNA was isolated, and RNA gel blots were prepared (10 g of RNA). The blots were hybridized with 32 P-labeled probes for RAV1, ZAT12, and RAP2.1. (B) Total RNA was isolated from 2-week-old plants from transgenic lines expressing the indicated CBF genes under the control of the 35S promoter of Cauliflower mosaic virus or carrying the empty vector (V). Total RNA was isolated from plants grown at warm temperature, and RNA gel blots were prepared (10 g) and hybridized with a 32 P-labeled probe for RAP2.1.
were members of the CBF cold response pathway. However, in addition, eight other genes encoding known or putative transcription factors were found to be long-term cold responsive: ZAT12, RAV1, AtMYB73, ATHB-12, H-protein binding factor 2a, RAP2.1, a zinc finger protein (At4g38960), and RAP2.7 (Figure 6 and supplemental data online).
One of these, RAP2.1 , proved to be a target of CBF transcription factors ( Figure 7B ) and presumably regulates the expression of a subregulon of genes within the larger CBF regulon. However, two of the transcription factors, ZAT12 and RAV1 , were found to be induced in parallel with the CBF transcriptional activators (i.e., transcript levels were increased more than threefold at 30 min). It is possible that the low-temperature regulation of ZAT12 and RAV1 involves the action of the same regulatory proteins that activate CBF expression. Gilmour et al. (1998) previously speculated on the existence of such a "super regulon" controlled by the hypothetical protein ICE (Inducer of CBF Expression).
Regardless, the parallel induction of CBF2, ZAT12, and RAV1, well before the induction of known CBF target genes such as COR47, COR6.6, and COR78, argues against their being members of the CBF regulon. Consistent with this notion was the fact that ZAT12 transcript levels were unaffected in CBF1-, CBF2-, or CBF3-overexpressing plants. A comparison of the transcriptomes of CBF-overexpressing plants and control plants indicated that at least 60 coldinduced genes are independent of the CBF cold response pathway, including at least 15 transcription factors.
Investigations to date have focused on genes that are upregulated in response to low temperature. The results presented here, however, indicate that downregulation of gene expression also may be an important component of the adaptation to low temperature. Indeed, the downregulation response was extensive. Transcript levels for 88 genes were found to decrease either transiently or long term in response to low temperature. These genes, like those that were upregulated, encompassed a wide range of functions, including transcription, signaling, cell wall biogenesis, defense, and photosynthesis, almost all of which (to the best of our knowledge) have not been shown previously to be cold repressed. The amino acid sequence predicted from the sequence of COR-like proteins was analyzed using the method of Kyte and Doolittle (1982) to predict the regional hydropathy of the encoded polypeptides. Values Ͼ 0 correspond to hydrophilic regions, and values Ͻ 0 correspond to hydrophobic regions. The scale at top of each plot shows the number of amino acids from the N terminus of the polypeptide. The polypeptide encoded by At4g33550 is predicted to have a signal peptide (iPSORT; www.HypothesisCreator.net/iPSORT/) that is cleaved where indicated by the arrow. The hydropathy profile of COR6.6 is shown for comparison. Data points at which the signal intensity indicated that the gene was present for both duplicate cold samples, that there was a difference call of increase for all four comparisons, and that the fold increase value was Ն3 for all four comparisons were assigned a value of 2 (red), whereas all other data points were assigned a value of 1 (black). The resulting data then were clustered. The probe set number and the description of the genes that fall into each cluster are indicated at right. The text color indicates the known or predicted role of each gene: metabolism, purple; cell growth, cell division, and DNA synthesis, light green; transcription, red; protein fate, gray; transport facilitation, light blue; intracellular transport, orange; cellular biogenesis, dark green; cellular communication and signal transduction, pink; cell rescue, defense, cell death, and aging, dark blue; unclassified proteins, black.
Some of the changes in transcript levels, especially those associated with photosynthesis, might have been caused by the lower light conditions used during the cold treatment. However, this would not appear to be true for all of the downregulated genes. In particular, eight genes that were downregulated in response to low temperature also were downregulated at warm temperature in response to the constitutive expression of CBF1, CBF2, and CBF3. These data indicate that the CBF cold response pathway includes downregulation of the expression of certain genes and suggest genes whose expression might be incompatible with the enhancement of freezing tolerance.
Previous studies have identified 14 genes as members of the CBF regulon. Here, we expand that number to 45 (37 upregulated and 8 downregulated). Among the newly described members of the CBF regulon are genes encoding two putative transcription factors, RAP2.1 and RAP2.6, that presumably control the expression of subregulons of the larger CBF regulon. In this regard, it is interesting that a number of the genes that are activated by CBF expression do not have the core CCGAC sequence of the CRT/DRE element within 1 kb of the start of transcription. These are candidate members of a CBF subregulon controlled by RAP2.1, RAP2.6, or a yet-to-be-discovered transcription factor(s) induced by the CBF activators.
Other new members of the CBF regulon include genes that encode a putative sugar transporter, water channel proteins, and a new hydrophilic polypeptide that potentially acts as a cryoprotectant. In addition, there are three genes that putatively encode galactinol synthase, which catalyzes the first committed step in raffinose synthesis. In fact, while we were preparing this article, Taji et al. (2002) reported that three Arabidopsis genes encode proteins with galactinol synthase activity and that one of these, AtGolS3 (which corresponds to probe set 18596_at), was induced in response to low temperature and overexpression of CBF3/DREB1a.
Given that we sampled approximately one-third of the genome in our experiments, there could be as many as 100 genes that are part of the CBF regulon. Again, this is probably an underestimate because the criteria used here to assign a gene to the CBF regulon included it being induced threefold or more in each CBF overexpression line. However, it is not known whether CBF1, CBF2, and CBF3 control completely overlapping sets of genes. We observed differences in the set of genes that were upregulated in the CBF1, CBF2, and CBF3 transgenic plants tested here. However, we do not know whether these differences were attributable to biological variation, differences in the level of CBF expression, or bona fide differences in the activities of the CBF proteins. Additional experiments will be required to address this issue definitively.
One intriguing finding is that among the 280 newly described cold-responsive genes was GI. GI transcript levels increased fivefold to eightfold after 24 h of cold treatment and remained increased after 7 days. GI is a novel protein with roles in the promotion of flowering by photoperiod and circadian clock function (Fowler et al., 1999; Park et al., 1999) , but it has not been associated with acclimation to low temperature. Interestingly, however, it is known that in addition to entrainment by light/dark cycles, the circadian clock in plants can be entrained by temperature cycles (Kloppstech et al., 1991; Beator et al., 1992; Heintzen et al., 1994; McWatters et al., 2000) . Park et al. (1999) proposed that GI functions in a light input pathway to the clock. The observation that GI is cold responsive raises the possibility Sets of genes were selected using the criteria described in Methods. The number of genes in each set is displayed within a circle above a description of the set. Genes present in two sets are shown in the intersection of the two sets, so that the sum of the numbers within a circle is the total number of genes in that set. (A) Intersection of genes that are upregulated in response to low temperature with those that are either upregulated by or independent of CBF overexpression. (B) Intersection of genes that are either transiently or long-term upregulated in response to low temperature with those that are either upregulated by or independent of CBF overexpression. (C) Intersection of genes that are downregulated in response to low temperature with those that are either downregulated by or independent of CBF overexpression.
that GI might function in input pathways to the clock that transmit both light and temperature signals.
More than half of the cold-responsive genes were upregulated or downregulated transiently in response to low temperature. It seems likely that the expression of a significant number of these genes was caused by the abrupt change in temperature used in our experiments. We transferred plants directly from 22 to 4ЊC, a protocol that is used commonly in the study of cold acclimation. Transferring plants from warm to cold temperature in the light (as was done in our experiments) can result in excess light energy, which can lead to the production of hydrogen peroxide and other reactive oxygen species (Huner et al., 1998) . This, in turn, can lead to the induction of genes involved in the protection of cells against oxidative stress.
A number of genes known to be responsive to hydrogen peroxide were upregulated transiently in our experiments, including glutathione S-transferases, indicating that the plants at least transiently experienced oxidative stress. Thus, some of the transient cold-responsive genes probably do not play direct roles in life at low temperature per se but instead play critical roles in enabling plants to adjust to quickly fluctuating environmental conditions, including protection against conditions that result in excess light (Huner et al., 1998) . It would not be appropriate, however, to draw the conclusion that none of the transiently expressed genes plays a role in freezing tolerance or other fundamental aspects of life at low temperature. CBF1 and CBF3 were among the transiently expressed genes; thus, inclusion on this list certainly cannot be used to dismiss a gene's potential importance in cold acclimation. It also is true that arbitrary criteria were used to place genes into the transient category; their transcript levels had to have returned to within 2.5-fold that of the warm sample after 7 days of cold treatment. However, the transcript levels for ‫%55ف‬ of these genes were increased 2.5-fold or more at 24 h, so it is possible that many of them remained actively upregulated for several days after transfer to the cold. Moreover, the levels of the proteins for these genes could have remained increased for many days after transfer to cold.
Finally, it is relevant that when Escherichia coli (and other bacteria) are subjected to an abrupt temperature decrease of ‫51ف‬ЊC, they undergo a cold-shock response (Yamanaka, 1999) that includes the transient induction of genes, some of which (e.g., the Csp gene family) have been shown to play critical roles in enabling bacteria to grow at low temperature (Xia et al., 2001) .
The results of this transcriptome study demonstrate the highly complex nature of plant adaptation to low temperature. The results indicate that the expression of hundreds of genes is affected upon exposure of plants to low temperature and that this involves the action of multiple coldregulatory pathways, including the activation of regulons within regulons. Through the further application of genomic approaches, it should be possible to construct a diagram of the low-temperature "gene circuitry" in plants and to determine the roles of the regulatory networks in cold tolerance.
METHODS
Plant Material and Growth Conditions
Arabidopsis thaliana ecotype Wassilewskija-2 and transgenic plants constitutively expressing CBF1 (G5, G6, and G26), CBF2 (E2, E8, and E24; S.J. Gilmour and M.F. Thomashow, unpublished results), or CBF3 (A28, A30, and A40; Gilmour et al., 2000) in the Wassilewskija-2 background were used in these experiments. Seeds were surfacesterilized and then spread on Petri plates containing Gamborg's B-5 medium (Life Technologies, Gaithersburg, MD) solidified with 0.8% phytagar (Life Technologies). Immediately after plating, the seeds were stratified for 4 days at 4ЊC to ensure uniform germination.
Plants were grown in controlled-environment chambers at 22ЊC under continuous illumination of 100 mol·m Ϫ2 ·s Ϫ1 from cool-white fluorescent lights for 11 days. For cold treatments, plates containing the plants were transferred to 4ЊC under continuous light (20 to 40 mol·m Ϫ2 ·s Ϫ1 ) as described , and tissue samples were harvested after 0.5, 1, 4, 8, and 24 h and 7 days. Duplicate samples for each cold time point and single samples from each of the CBF transgenic lines were harvested for profiling.
Upon request, all novel material described in this article will be made available in a timely manner for noncommercial research purposes. No restrictions or conditions will be placed on the use of any materials described in this article that would limit their use for noncommercial research purposes.
RNA Isolation and Probe Labeling
The aerial parts of 50 to 150 plants grown on a single plate were pooled for each RNA sample. Total RNA was extracted from the samples using the RNeasy Plant Kit (Qiagen, Valencia, CA). Biotinylated target RNA was prepared from 16 g of total RNA using the procedure described by the manufacturer of the Arabidopsis GeneChip (Affymetrix, Santa Clara, CA). Briefly, a primer encoding a T7 RNA polymerase promoter fused to (dT) 24 (Genset Oligos, La Jolla, CA) was used to prime double-stranded cDNA synthesis using the SuperScript Choice System (Life Technologies). The resulting cDNA was transcribed in vitro using the BioArray High-Yield RNA Transcript Labeling Kit (Enzo Biochem, New York, NY) in the presence of biotinylated UTP and CTP to produce biotinylated target complementary RNA (cRNA).
Affymetrix GeneChip Hybridization and Data Collection
The labeled target cRNA was purified, fragmented, and hybridized to Arabidopsis Genome GeneChip arrays according to protocols provided by the manufacturer (Affymetrix) in a Hybridization Oven model 640 (Affymetrix). The GeneChips were washed and stained with streptavidin-phycoerythrin using a GeneChip Fluidics Station model 400 and then scanned with a Gene Array Scanner (Hewlett-Packard, Palo Alto, CA).
Data Analysis
The Microarray Suite 4.0 and Data Mining Tool 1.0 (Affymetrix) software packages were used for the analysis of microarray data. The output from all GeneChip hybridizations was scaled globally such that its average intensity was equal to an arbitrary target intensity of 100. Because all experiments were scaled to the same target intensity, comparison between GeneChips was possible. The mean noise for the GeneChips used in these analyses was 3.7 Ϯ 3.5. Average difference (gene expression) and fold change values were calculated from the GeneChip fluorescent intensity data.
The software also was used to determine whether expression of each gene was present or absent (absolute call) and whether the fold change value represented a genuine change in expression (difference call). Fold change values were calculated for each sample harvested at 4ЊC compared with each of the samples harvested before transfer to 4ЊC, generating four measurements for each gene at each time point during the cold treatment. Fold change values also were calculated for the three CBF transgenic samples compared with each of the wild-type samples, generating six measurements for each gene.
Probe sets that met the following criteria were selected for further analysis. Those determined to be upregulated by the cold treatment were selected as having, at any time point, an absolute call of present in both cold samples, difference calls of increase, and fold changes of at least 3.0 for all four fold change comparisons. Those determined to be downregulated by the cold treatment were selected as having, at any time point, an absolute call of present in both warm samples, difference calls of decrease, and fold changes of at least Ϫ3.0 for all four fold change comparisons.
Cold-regulated genes were determined to be long-term upregulated if, at the 7-day time point, both absolute calls were present and the four fold change comparisons were 2.5-fold or greater associated with four difference calls of increase. Similarly, cold-regulated genes were determined to be long-term downregulated if, at the 7-day time point, the fourfold change comparisons were Ϫ2.5-fold or greater associated with four difference calls of decrease.
Genes upregulated by CBF overexpression were selected as having an absolute call of present in all three CBF transgenic samples, difference calls of increase, and a fold change of at least 3.0 for all six fold change comparisons between wild-type and CBF transgenic lines. Those determined to be downregulated by CBF expression were selected as having an absolute call of present in both wild-type samples, difference calls of decrease, and fold changes of at least Ϫ3.0 for all six fold change comparisons between wild-type and CBF transgenic lines. Cold-regulated genes that were independent of CBF expression were selected as having a difference call of no change in all six fold change comparisons between wild-type and CBF transgenic lines.
Microsoft Access database management software (Microsoft, Redmond, WA) was used to manage and filter the GeneChip data, and Genespring 4.0.4 (Silicon Genetics, Redwood City, CA) was used to generate hierarchical gene clusters using a Pearson correlation (separation ratio of 0.5, minimum distance of 0.001). Before clustering, all data points that were associated with a difference call of no change were converted to 1. Binary hierarchical clusters were generated by altering the data used to generate the clusters such that data points that fulfilled a particular set of criteria were converted to 2, whereas all other points were assigned a value of 1.
The false-positive rate was calculated as the number of probe sets changed significantly as a percentage of probe sets on the array (Lipshutz et al., 1999) . A single total RNA sample was used to prepare two cDNA samples and subsequently cRNA samples, which then were hybridized to two different GeneChips and fold change values were calculated. Genes were counted as false changes if they showed changes of threefold or greater associated with a difference call of increase and a signal threshold greater than background (present) in at least one sample of the comparison.
RNA Gel Blot Hybridization Analysis
Total RNA samples (10 g), isolated as described above, were electrophoresed on agarose gels, and RNA gel blot transfers were prepared and hybridized as described in Hajela et al. (1990) using highstringency wash conditions (Stockinger et al., 1997) . Gene-specific probes to RAV1, RAP2.1, and ZAT12 were obtained by amplifying ‫1ف‬ kb of the coding region of these genes from Arabidopsis genomic DNA The primers used were as follows: RAV1, 5Ј-TCTAGACGA-AAAAGTCGTCGGTAGGT-3Ј and 5Ј-GGATCCGAGTTGTTACGA-GGCGTGAA-3Ј; ZAT12, 5Ј-ACTAGTCAGAAGAAAAATGGTTGC-GATA-3Ј and 5Ј-GGATCCGAAAAATTCAAAGAATGAGAGAAACA-3Ј; and RAP2.1, 5Ј-TCTAGATCAATGGAAAGAGAACAAGAA-3Ј and 5Ј-AGATCTAAATTGACTATATATCTCCGGATTC-3Ј. The probes were radiolabeled with 32 P by priming with random octamers (Invitrogen, Carlsbad, CA).
